A method for calculating the solution resistance of an integrated dual ultramicroelectrode was introduced, and then tested by experiments using dummy cells. Then, with the reduction of anthracene on a gold ultramicroelectrode in a 0.1 M tetraethylammonium tetrafluoroborate/acetonitrile solution as the test system, it could be found that the solution resistance of this integrated dual ultramicroelectrode was much lower than that of the two-electrode system conventionally used. Thus, the compensation level could be improved up to nearly 100% at a scan rate of 1.34 MV s -1 , while the latter could not. This showed that the integrated dual ultramicroelectrode was more suitable for acting as the electrode system in ultrafast cyclic voltammetry, especially in a high-resistance solution. 
Introduction
Ultrafast cyclic voltammetry has been highly regarded since the 1980s, and developed into an active research domain with the continuous progress of a relative technique, such as instrument construction, digital simulation, background subtraction, bandpass correction, ohmic drop compensation, etc. [1] [2] [3] [4] The higher is the scan rate or frequency of the voltammetric technique employed, the faster are the heterogeneous electron transfer reactions and coupled homogeneous chemical reactions that can be studied, and the shorter-live intermediates that can be traced. 5 Until now, undistorted voltammograms could be obtained with scan rates of up to 2 -3 MV s -1 in a well-behaved redox system, such as the reduction of anthracene in acetonitrile. [6] [7] [8] [9] Due to its high response speed, it has been applied with an ultramicroelectrode to probe information about the brain, especially to study the release and uptake of neural transmitters. [10] [11] [12] [13] However, the usable scan rate in this situation is seldom higher than a few tens of kV s -1 , much lower than that in the case of those well-behaved redox systems. This is caused by the great difference in the solution resistance, Rs. In the twoelectrode or three-electrode system traditionally used, the solution resistance (Rs) in a theoretical study could be decreased down to a few tens of kΩ by greatly increasing the concentration of the supporting electrolyte up to about 1 mol L -1 , or even more, which seldom appears in real circumstance. Hence, Rs is much larger in the latter case. It is well known that if the scan rate is increased further, voltammograms would be distorted by the solution ohmic drop (IRs), the time constant (RsCd) of the electrochemical cell and the interference of the capacitive and Faradaic currents, all of which are directly related to Rs. Although Rs could be compensated electronically through a positive feedback technique, a larger Rs means a larger feedback resistance and compensation resistance, which thus decreases the band-pass of the instrument and the circuit, which would be too low to afford ultrafast voltammetric analysis. 8, 14 Thus, it is very important and necessary for in vivo and/or in situ studies of ultrafast cyclic voltammetry to set up a new electrode system with low solution resistance, and then to increase the usable scan rate.
In recent years, a kind of integrated dual ultramicroelectrode, called a bipolar ultramicroelectrode, has caught the attention of many researchers. [15] [16] [17] [18] The procedure for fabricating it usually includes the following steps: first, electrodepositing on a carbon fiber ultramicroelectrode an insulating layer, 19 whose thickness can be controlled in the range of 100 -250 nm by adjusting the solution concentration and electrodepositing time; second, vaporizing a layer of Ag, Pt or Au on the insulating layer; finally, cutting off the tip perpendicularly with a scalpel to expose a new carbon disk electrode. A section of it is shown in Fig. 1 . In fact, this kind of integrated dual ultramicroelectrode consists of two electrodes, i.e., a carbon fiber working electrode and an Ag, Pt or Au counter/quasi-reference electrode. Obviously, any damage to the cell or tissue in the determination process could be greatly minimized. 20, 21 Yet, in this article, we are more interested in discussing its another remarkable, but less promoted, advantage. Indeed, using this integrated dual ultramicroelectrode as an electrode system instead of a two-electrode or three-electrode one that is conventionally used could decrease the solution resistance remarkably. Thus it is suitable for acting as the electrode system for ultrafast cyclic voltammetry, and increases the usable scan rate for in vivo and/or in situ research.
Theoretical
The electric field shape of this electrode is half oblate spheroidal, as shown in Fig. 2 . It is difficult to solve it with the rectangular, cylindrical or spherical coordinates commonly used. Oblate spheroidal coordinates 22, 23 should be applied, and the relationship between which and rectangular coordinates is as follows:
In this oblate spheroidal electric field, the focus i.e. the disk radius is a, the distance from the axis of the working electrode to the boundary between the insulating annulus and the counter/quasi-reference electrode b, the half long axis m, and the half short axis n. Thus,
Also, the distance from the axis of symmetry (r) can be expressed as
In this coordinate system Laplace's equation is
The boundary conditions are: 1) on the disk electrode surface
2) on the insulating annulus = 0 at η = 0; (10) 3) on the boundary between the insulating annulus and the counter/quasi-reference electrode Φ = 0 at (11) 4) on the axis of the disk
To obtain a solution by the method of separating the variable, it should be set as
Also, the differential equations for P and Q are
(
where k is the separation constant. Legendre functions are used to solve the above equations. To obtain well-behaved solutions, k should be restricted to
In order to satisfy the condition on the insulating surface, l must be even, i.e., the condition Φ = Φ0 on the disk could be satisfied simply with the solution for k = 0. Upon substituting the boundary condition, Eq. (10), integration of Eqs. (14) and (15) thus yields
Substituting boundary conditions Eqs. (9) and (11) into Eq. (17), we obtain
Substitution of boundary conditions Eqs. (18) and (19) into Eq. (17) gives (20) Thus, the current density at the disk surface can be denoted as where κ is the specific conductivity of the bulk solution. Thus, the total current to the disk is (22) and the solution resistance (Rs) is (23) where ρ is the specific resistivity of the bulk solution, the reciprocal of κ. When b → ∞, i.e., the counter/quasi-reference electrode is infinitely far away from the working electrode, we obtain (24) Therefore, we can obtain from Eq. (23) that
Equation (25) is completely the same as the well-known equation for the solution resistance of the ultramicrodisk electrode used in two-electrode or three-electrode systems. Apparently, the closer is b to a, i.e., the thinner is the insulating layer, and the smaller will Rs be. We could roughly evaluate the ability for decreasing Rs of this integrated dual ultramicroelectrode. Assuming that the radius of the carbon fiber is 3 µm, i.e. a = 3 µm, and the thickness of the insulating layer is 100 nm i.e. b = 3.1 µm, we then obtain from Eq. (23) that Rs is about ρ/25a, only one sixth of the value ρ/4a in the semi-infinite condition. The remarkable decrease of Rs is very advantageous to ultrafast cyclic voltammetry, because it means a corresponding decrease of the feedback resistance and the compensation resistance; this would produce a corresponding increase of the instrument and circuit band-pass, and finally a corresponding increase of the usable scan rate in solutions with the supporting electrolyte concentration being low.
As the working electrode is so near to the counter/quasireference one, we should consider the possibility of a superposition of the two diffusion layers. Since the mass diffusion velocity of an ultramicrodisk electrode 23 is
at time t the moving distance of the analytes in the diffusion field, i.e., the thickness of the diffusion layer, is Mst. When the scan rate is up to MV s -1 , the t needed for a single cycle is no more than 2 -4 µs. A typical value of D for aqueous solutions is 5 × 10 -6 cm 2 s -1 , assuming that the disk radius (a) is 3 µm, so that a diffusion layer thickness of several Å is built up, which is much thinner than the insulating layer thickness of 100 -250 nm. Thus, the diffusion layers of the two electrodes would not overlap each other. Obviously, the applied scan rate should not be too low and, in our case, the low limit is estimated to be 2 kV s -1 , which is influenced by the thickness of the insulating layer. Indeed, some researchers 16 have just made use of the superposition of the two diffusion layers at low scan rates to greatly increase the detection sensitivity by the back diffusion of regenerated molecules of a reversible redox couple. However, this is out of the range of this paper.
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Reagents
The acetonitrile of HPLC quality used in the electrochemical experiments was distilled on calcium hydride twice, and then degassed by nitrogen just before use. Tetraethylammonium tetrafluoroborate (NEt4BF4) was purchased from Aldrich, dried at 60˚C under a vacuum and then stored in a vacuum desiccator. Anthracene was purchased from Sigma and recrystallized in acetonitrile before use.
Apparatus
Ultrafast cyclic voltammetry was performed by a home-built system. The input signal was generated by a Model G305 waveform generator (10 MHz, HUNG CHANG, Korea). It was then passed through an electrochemical cell and a homemade circuit with online positive feedback IR compensation. The compensating function could be cancelled easily by just making the compensation loop open. At last, the curves were recorded with a Tektronix Model TDS220 digitizing oscilloscope with a 100 MHz band-pass. Data could be downloaded and stored by a personal computer for further analysis. A 10 MHz bandwidth at 0.1 dB of this circuit guaranteed the realization of ultrafast electrochemical studies. Tests had shown that this circuit could afford excellent ohmic drop compensation to record undistorted voltammograms up to a 2.67 MV s -1 scan rate, and 3 MV s -1 can be reached if an error of 30 mV is tolerated. A thorough theoretical description of the behavior and an experimental demonstration of the validity of this circuit could be referred to a related paper. 8 Measurements of ultrafast cyclic voltammetry were carried out in a conventionally used two-electrode cell, and an integrated dual ultramicroelectrode system, respectively. The former was constructed with a platinum coil as a counter/quasireference electrode and a carbon fiber disk microelectrode as the working one. The latter was as described above.
Fabrication method of the integrated dual ultramicroelectrode
A bundle of carbon fibers was distilled in acetone for 8 h, and then sonicated in alcohol and double distilled water, respectively. A 3-cm-long carbon fiber was attached to the end of a φ0.1 mm copper wire by conductive Ag paste, and then placed into a glass tube, which was then pulled to produce a carbon-to-glass seal. The insulation of the carbon fiber was achieved by the copolymerization of phenol and 2-allylphenol at a constant voltage of 4 V for 12 -14 min. Then, a layer of Ag, Pt or Au was vapor deposited onto the outside of an insulating layer as a counter/quasi-reference electrode. Finally, an integrated dual electrode could be acquired by cutting perpendicularly.
Procedures
The solutions were deaerated by bubbling purified nitrogen gas (99.999%) saturated by acetonitrile for at least 10 min, and were protected by it during the experiments. All of experiments were conducted at room temperature (25 ± 1˚C) throughout.
Results and Discussion
A scanning electron micrograph of the integrated dual ultramicroelectrode fabricated in our group is illustrated in Fig.  3 . The inner black disk is carbon fiber, and the thin white ring is the insulating layer. However, the outer Pt layer is 103 ANALYTICAL SCIENCES FEBRUARY 2005, VOL. 21 indistinguishable because its thickness is no more than 50 nm, roughly estimated by the thickness of the layer vaporized on a plane of glass under same experimental conditions, which is beyond the resolution of the instrument used. The radius of the carbon fiber is about 3 -3.5 µm, and the insulating layer thickness is 200 -250 nm. Rs could be determined from voltammetry of the solution in the absence of anthracene by measuring the cell time constant, τ = RsCd, since the voltammetric current for a pure RC impedance is Is(t) = υCd[1 -exp(-t/τ)]. However, for a micrometric ultramicroelectrode the value of the time constant, τ = RsCd, is small enough so that the measured time constant includes the contribution of the circuit's own time constant and bandpass in this range of time constants. Similarly, Cd is sufficiently small for any stray capacitance to alter the measured current asymptote. Thus, this classic method (viz., using the initial slope of the rising background current) was not able to reach the required precision. 6 To determine Rs, we used a method introduced by Amatore et al. 6 A pure RC dummy cell with an adjustable resistance (Rdum) and capacitance (Cdum) was connected to the circuit, and corresponding voltammetric currents were measured. Thus, Rdum and Cdum were adjusted in order that the voltammetric current for the dummy cell fitted the experimental background current. Thus, at this stage Rs = Rdum and Cd = Cdum. The results showed that, using this electrode system, the Rs of an acetonitrile solution with 0.9 mol L -1 NEt4BF4 as the supporting electrolyte (ρ ≈ 20 Ω·cm) is 3.9 ± 0.5 kΩ, much lower than that value, 16.4 ± 1.8 kΩ, in the two-electrode system conventionally used, and approximately consistent with the calculated value according to Eq. (23) . This confirmed that the new electrode system could decrease Rs excellently, as predicted theoretically above.
Being a well-characterized electrochemical system and the fastest heterogeneous electron-transfer reaction, the reduction of anthracene in acetonitrile is the most popular one to test the ultrafast voltammetric behaviors. Therefore, we chose it to do so due to the high scan rate applied. NEt4BF4 as the supporting electrolyte at a scan rate of 1.34 MV s -1 . The voltammogram shown in Fig. 4(a) was recorded using a two-electrode system conventionally used with the Rs being approximately 40% compensated, which was the highest compensation level conditioning so that the cyclic voltammograms would not be distorted by the band-pass of the circuit.
8 Figure 4 (b) was recorded using the integrated dual ultramicroelectrode system without any ohmic-drop compensation, and Fig. 4 (c) using the integrated dual ultramicroelectrode system with the ohmic drop fully compensated; Fig. 4(d) is a simulated one based on a selfestablished simulating program of our group 24 to compare with the experimental data. In the simulation, Butler-Volmer kinetics were observed to obtain the Faradaic signals, without including any ohmic drop or bandpass distortion, nor any coupling between diffusion and migration in the double layer. Also, the following parameters were used: E 0 = -1.61 V versus the Pt reference, α = 0.45, υ = 1.34 MV s -1 , k0 = 5.1 cm s -1 , DO = DR = 1.6 × 10 -5 cm 2 s -1 , r = 3 µm, Ru = 0 (100% compensation, without any ohmic drop). Cd was adjusted to fit the capacitive current trace to carry out a simple comparison between the experimental voltammograms and the simulated ones. As can be seen from this series, if the two-electrode system conventionally used was applied, Rs was too high for the circuit to compensate it fully based on the condition of no distinct decrease of the circuit bandpass. Indeed, it is nearly a common problem to all ultrafast circuits. The Faradaic peaks could not be distinguished, due to the severe ohmic drop and the interference of the capacitive and faradaic currents. However, in the case of the integrated dual ultramicroelectrode system, Rs was greatly decreased, and thus the Faradaic peaks could be clearly shown, but the peak-to-peak separation (∆Ep) was larger than the theoretical value because of the residual ohmic drop. More important, at that time we could compensate for it fully, and thus the experimental trace was in good accord with the simulated one. In Fig. 4(c) , ∆Ep was still slightly larger than the theoretical values, because we should consider the time lag (tlag) caused by the circuit distortion and "mechanical" delay when a high scan rate was employed. Because tlag does not alter the voltammetric shapes, it could thus be easily corrected by translating the potential axis +υtlag in the negative scans and -υtlag in the positive scans. In this case, if a 10 ns tlag was corrected, the small difference of ∆Ep could be removed.
By comparing the experimental and simulated results, we could find some imperfections. The current trace of the experimental result was not as even as the simulated one. This may come from impurities in the solution, such as traces of water and oxygen residues, but may also result from an 104 ANALYTICAL SCIENCES FEBRUARY 2005, VOL. 21 adsorption phenomenon of anthracene and/or its reaction intermediate. The Faradaic peak height of the experimental result is slightly higher, perhaps due to the adsorption phenomenon described above, or an increase of the analyte concentration caused by the volatilization of acetonitrile during the degassing process in spite of some preventive methods.
Conclusion
In this work, Rs of an integrated dual ultramicroelectrode was deduced theoretically, and then demonstrated by experiments. It was found that its Rs was much smaller than that of the twoelectrode system conventionally used in the same solutions. Thus, it is proper to act as an electrode system for ultrafast cyclic voltammetry, especially in neuronal analysis, because it not only offers great promise for investigations in extremely small microenvironments, but also increases the usable scan rate in solutions with the supporting electrolyte concentration being low. In fact, if this electrode system is applied to ultrafast cyclic voltammetry, it also provides a tool to monitor quick long-range electron transfer and electron hopping within molecules. 25, 26 Theoretical studies and its applications in singlecell determination are in progress.
